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The measles virus RNA-dependent RNA polymerase consists of two virus-encoded subunits, the phosphoprotein (P) and
the large (L) protein. The P mRNA also codes for a C protein in the 11 reading frame relative to P. The activities of the
measles P and C proteins from the vaccine strain, EdB, a wild-type CM strain, and an SSPE P4 strain were investigated using
a CAT reporter minigenome assay. CAT is synthesized following replication and transcription of a DI-CAT minigenome
supported by individual P, L, and N plasmids expressed in a mammalian expression system. As measured by CAT activity,
CMP1 and P4P1 stimulate transcription and replication four- to six- and six- to eightfold, respectively, better than EdP. There
are 10 and 16 amino acid changes in the P protein and three and four changes in C in CMP1 and P4P1, respectively, relative
to EdP. By constructing chimeric P genes we showed that mutations throughout P4P1 were required for enhanced
polymerase activity, while only mutations in the 59-terminal portion, encompassing the C ORF, of the CMP1 gene mediated
stimulation. Abrogation of C expression from the Ed and CM P genes resulted in an increase in RNA synthesis of twofold for
CMP1S and four- to fivefold for EdPS. With the addition of C protein expressed from a separate plasmid that contains only
the C ORF, EdC reduces viral RNA synthesis more strongly than CMC. These data suggest that EdC and CMC proteins give
a differential inhibition that accounts for most of the differences in RNA synthesis by EdP and CMP1. © 2001 Academic PressINTRODUCTION
Measles virus, a clinically important virus worldwide,
is a member of the morbillivirus genus of the Paramyxo-
virus family. The virus is enveloped and contains a ge-
nome consisting of a single-stranded, (2)-sense RNA
encoding nine proteins (for reviews, see Lamb and Ko-
lakofsky, 1996; ter Meulen and Billeter, 1995). The enve-
lope consists of a lipid bilayer membrane derived from
the plasma membrane of the host cell containing the
viral matrix protein (M) and the integral viral membrane
proteins, the hemagglutinin (H), and the two cleavage
products of the fusion protein (F1 and F2). The virion RNA
is packaged within a nuclease-resistant helical ribonu-
cleoprotein particle or nucleocapsid by the nucleocapsid
protein (N). The virus-encoded RNA-dependent RNA
polymerase packaged with the nucleocapsid in the virion
consists of two subunits, the phosphoprotein [P, 507
amino acids (aa)] and the large (L, 2183 aa) protein. The
MV genome [15,892 nucleotides (nt)] has a gene order 39
leader-N-(P/C/V/R)-M-F-H-L 59. The P gene is unique and
encodes four proteins, P, C, V, and R, while each of the
other genes encodes only a single protein (Cattaneo et
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100al., 1989; Liston and Briedis, 1995; Radecke and Billeter,
1996).
Measles virus infection causes an acute respiratory
syndrome followed by systemic spread that results in a
generalized rash. The infection elicits an effective im-
mune response and in developed countries where the
population is generally healthy the patient usually recov-
ers. However, about 1 in 1000 cases results in measles
encephalomyelitis with significant morbidity. In rare
cases, a persistent, fatal infection of the central nervous
system, subacute sclerosing panencephalitis (SSPE),
can develop some 5–10 years following acute measles
infection (Billeter and Cattaneo, 1991). SSPE viruses are
striking examples of persistent virus infections of the
human brain which are derived by mutation from a nor-
mally lytic, cytopathic virus.
In the past few years the genes of various SSPE
viruses have been sequenced and mutations were found
in every gene, including P and L (Schneider-Schaulies
and ter Meulen, 1992; Billeter and Cattaneo, 1991; Kom-
ase et al., 1995). Which mutations are associated with
disease is unknown. Recent studies on SSPE genes
cloned directly from brain showed that there was the
clonal expansion of virus in different regions of the brain
with an apparent increase in the number of mutations
during the expansion process (Baczko et al., 1993). In
addition, the ratios of the viral transcripts were usually
altered in SSPE infections compared to a measles infec-
tion (Baczko et al., 1984; Cattaneo et al., 1987); that is, the
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101MEASLES C MUTATIONS AFFECT RNA SYNTHESISmRNA levels for the downstream genes decreased even
more (i.e., a steeper polarity) than in wild-type measles.
This observation implies that there may be a defect in
transcription in some SSPE viruses. Baczko et al. (1984)
and Wong and Hirano (1987) identified SSPE viruses
where a bicistronic P-M mRNA, rather than the individual
P and M mRNAs, was synthesized despite a normal
intergenic junction between these genes. Again this tran-
scriptional defect might be due to an altered RNA poly-
merase in these viruses. Recently the L genes from
several wild-type, vaccine, and SSPE viruses were se-
quenced and a small number of amino acid changes
specific for SSPE L proteins were identified (Komase et
al., 1995). In strain K and strain B there were 15 and 14
amino acid changes, respectively, from a consensus L
sequence, with only one substitution shared between
them.
In the P gene the longest open reading frame encodes
the P protein which begins at the first AUG (nt 60) in the
gene. The C protein (186 aa) is synthesized from the
overlapping (11) reading frame from a second AUG (nt
82) in the P mRNA. The V protein shares the N-terminal
231 aa of the P protein, but has a different 68 aa C-
terminus as a result of RNA editing (Cattaneo et al.,
1989). The R protein, of unknown function, shares the
N-terminal 294 aa with P, then switches into the (21)
reading frame as a result of ribosomal frameshifting
(Liston and Briedis, 1995). P protein has multiple roles in
RNA synthesis, the first being that it is a subunit along
with L of the viral RNA polymerase. We showed that
measles P forms a P–L complex that stabilizes L
(Horikami et al., 1994). In addition, P binds N protein
Huber et al., 1991). Measles virus phosphoprotein re-
ains the nucleocapsid protein in the cytoplasm and P
lso self-oligomerizes (Harty and Palese, 1995; Liston et
l., 1995).
The measles C protein is an unphosphorylated protein
hich colocalizes with viral nucleocapsids in infected
ells (Bellini et al., 1985; Das et al., 1995). Deletion of the
C gene from measles virus by mutation of the measles
genomic cDNA showed, interestingly, that the C protein
is not essential for the growth of the virus in some cells
(Radecke and Billeter, 1996), while in others it is essen-
tial (Escoffier et al., 1999). In animal models measles C
mutants have altered infection characteristics (Valsa-
makis et al., 1998; Patterson et al., 2000). In another
2)-strand RNA virus, Sendai virus, the C proteins inhibit
oth viral transcription and replication (Curran et al.,
992; Cadd et al., 1996; Horikami et al., 1997) and atten-
ate virus pathogenicity in infections of mice (Garcin et
l., 1997; Itoh et al., 1998; Kurotani et al., 1998). Similarly
utations in the C protein of human parainfluenza virus
ype 3 attenuate reproduction in rodents and primates
Durbin et al., 1999). We have utilized various wild-type,
accine, and SSPE P clones to identify specific functions
g
ef the measles virus P and C proteins and have identified
utations in the P and C proteins that stimulate viral
NA synthesis.
RESULTS
dentification of P genes that stimulate measles
ranscription and replication
The P and N clones from different measles viruses,
oth wild-type and SSPE strains, were tested for activity
n a CAT minigenome transcription and replication assay
o identify potential mutations that might alter viral RNA
ynthesis compared to the genes from the Ed vaccine
train of virus. BHK cells were infected with VVT7 and
ransfected with the DI-CAT, EdN, and EdL plasmids
long with the CMP1 plasmid from the wild-type measles
train CM or the P4P1 plasmid derived from an SSPE
ase (Baczko et al., 1993). The P plasmids express both
he P and the C proteins from overlapping reading
rames. The DI-CAT plasmid contains the (2)-sense CAT
ene flanked by the authentic 59 (109 nt) and 39 (107 nt)
nds of the measles virus genome under the control of
he T7 promoter (Sidhu et al., 1995). The 39 terminus of
he cDNA contains a ribozyme gene whose RNA product
leaves the (2)-sense DI RNA product generating DI-
AT RNA with an authentic viral 39 end. Nonspecific
ncapsidation of the T7 product RNA by N protein yields
template that then can be replicated and transcribed by
he viral RNA polymerase. The amount of translation
roduct of the CAT mRNA is used as the measure of viral
NA synthesis.
After overnight incubation extracts of the infected,
ransfected cells were assayed for CAT enzyme activity
y the quantitation of the acetylated chloramphenicol
roduct as described under Materials and Methods. The
ata show that EdP gave relatively low CAT activity and
MP1 and P4P1 significantly stimulated activity (Fig. 1A).
n multiple experiments CMP1 and P4P1 enhanced ac-
ivity four- to six- and six- to eightfold, respectively, com-
ared to EdP. Increasing the amount of EdP did not
ncrease CAT activity, but actually was inhibitory, as was
verexpression of the other P genes. Immunoblot anal-
sis of samples from these extracts showed that the
ifferent P proteins as well as wild-type N were equally
xpressed, showing that the differences in activity were
ot due to altered P protein levels (Fig. 1A). P clones from
wo other wild-type measles strains, JM and WTF, did not
ive enhanced CAT activity and WTFP4 actually de-
reased activity twofold, although the P proteins were
qually expressed (Fig. 1B). The immunoblots also
howed that the P proteins from these viruses have
ifferent mobilities during gel electrophoresis, where
MP1, JMP1, and WTFP4 migrate slower but P4P1 mi-
rates faster than EdP. This is presumably due to differ-
nces in sequence or perhaps phosphorylation of the
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102 REUTTER ET AL.proteins, since sequence analysis of the genes showed
that each protein was of the same length. We have no
antibody to the measles C protein, but expression of the
plasmids in vitro showed that both P and C were syn-
thesized (see below). P genes derived from several other
SSPE cases, K, PP2, and EG2 (Baczko et al., 1993), were
lso tested in this assay, and they each gave CAT activity
imilar to that of EdP (data not shown), suggesting that
heir sequence differences did not give rise to altered
FIG. 1. The activities of different P and N plasmids in the measles C
with (A and B, top) the DI-CAT, EdN, and EdL plasmids and the indicat
indicated N plasmids. Cell extracts were assayed for CAT activity as
averaged with the error bars indicated. The values for Mock samples tra
sample. (Bottom) Samples of each extract were analyzed by immunoblot
protein samples was lost in (A). The positions of the P and N proteinsNA polymerase activity.
We also tested if the N proteins from these differentviruses would alter viral RNA synthesis. VVT7-infected
cells were transfected with the DI-CAT, EdL, and CMP1
plasmids together with N genes cloned from Ed or the
wild-type CM, JM, and WTF viruses. All the N proteins
were similarly synthesized, and each gave levels of CAT
activity similar to that of EdN (Fig. 1C). In addition, N
genes cloned from other SSPE cases, K, EG2, PP2, and
the SSPE Biken and wild-type Nagata strains (Hirano et
al., 1993), also showed no differences in CAT activity
igenome assay. VVT7-infected BHK cells were transfected in triplicate
asmids; or (C, top) with the DI-CAT, EdL, and CMP1 plasmids and the
ed under Materials and Methods and the counts incorporated were
d with only DI-CAT and pBSSK (,500 cpm) were subtracted from each
-MV sera as described under Materials and Methods. One of the CMP1
dicated.AT min
ed P pl
describ
nsfectefrom EdN (data not shown). Thus the analyses of a
variety of measles P and N clones identified just two P
*
*
*
b
a
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103MEASLES C MUTATIONS AFFECT RNA SYNTHESISproteins, CMP1 and P4P1, which up regulated viral RNA
synthesis. The CAT activity in the minigenome assay
results from a combination of transcription and replica-
tion by the viral polymerase. We attempted to separately
measure CAT mRNA synthesis and replication of the
minigenome by both Northern and primer extension
analysis of RNA isolated from the infected, transfected
cells; however, the levels of RNA synthesis were too low
to detect. Sidhu et al. (1995) reported a similar finding
during development of this assay. Nonetheless, the data
clearly show that two P genes significantly stimulated
overall RNA synthesis and they were further character-
ized to identify the responsible mutations.
Chimeric P genes identify amino acids that stimulate
viral RNA synthesis
Sequence analysis of the P genes which gave a stim-
ulation of viral RNA synthesis showed that compared to
EdP, CMP1 has 10 amino acid changes in P protein,
while P4P1 had 16 changes, three of which are shared
with CMP1 (Table 1). There are three and four changes in
the C proteins of CM and P4, respectively, compared to
EdC. As a first step to identify which of these changes
contributed to the enhanced activity of the protein, chi-
meric P genes were constructed between CMP1 and
EdP and P4P1 and EdP. Using a restriction site in the P
TABLE 1
Amino Acid Changes in the P and C Proteins of CMP1
and P4P1 Relative to EdP
P Protein C Protein
CM P4 CM P4
L27P * R51K W20R L11P
R51K S57G * G44R L25P
P83S P63S V73A E40G
P97S R79C * G44R
N99D * P83S
I123V A90T
G225E * P97S
E242G G219D
V276A L236S
V414A N300K
E301G
E302K
R355K
L419P
L473I
R479C
Note. The amino acid changes in the P and C proteins are indicated
y the EdP amino acid, the amino acid number, and the CM or P4
mino acid. The asterisks show amino acid changes occurring in both
M and P4 proteins.gene that divided the mutations, the N-terminal (A) and
C-terminal (B) regions of each gene were subcloned intoEdP as described under Materials and Methods. CMA
and P4A thus contain aa 1–135 of P from CMP1 and
P4P1, respectively, and the remaining aa 136–507 from
EdP. Conversely, the chimeras CMB and P4B contained
aa 1–135 from EdP and aa 136–507 from CMP1 or P4P1,
respectively. The C ORF (186 aa) is not chimeric in these
constructs since all the changes in C occur upstream of
aa 74 (Table 1). Assay of CAT activity with these chimeric
proteins in the minigenome system showed that the
parental CMP1 stimulated activity relative to EdP as
before, while CMA, but not CMB, also gave a significant
enhancement of CAT activity, from 65–80% of the level of
CMP1 (Fig. 2A). Thus the nucleotide changes in the
59-terminus of the CMP1 gene account for most, but not
all, of the increased activity. In contrast, the P4A and P4B
chimeras each gave only minimal stimulation of CAT
activity and thus viral RNA synthesis (Fig. 2B), suggesting
that nucleotides throughout the length of the gene con-
tributed to its enhanced activity. Immunoblot analysis of
the extracts showed that the P and N proteins were all
synthesized at similar levels. Furthermore, the A portion
(aa 1–135) of CM P is responsible for the slower migra-
tion of this protein compared to Ed P, while the B portion
(aa 136–507) of P4 P is responsible for its faster migra-
tion. Further analysis was performed only on the CMP1
gene, since a limited set of changes were responsible for
enhanced RNA polymerase activity.
Expression of P alone does not account for the
stimulation of RNA synthesis
The 59-terminal portion of the P gene contains the
overlapping P and C ORFs, and there are amino acid
changes in both proteins relative to those of EdP (Table
1). To determine whether the stimulation of CAT activity is
due to the P or the C protein, we studied the effect of
each protein individually on viral RNA synthesis. To limit
expression to P alone, the start codon for the C ORF was
mutated in EdPS and CMP1S to abolish C synthesis, as
described under Materials and Methods. The change
was silent in the P protein. If the stimulation of CAT
activity is due to the loss of the inhibitory effects of C
protein, we would expect the P proteins to have equal
activity. On the other hand if it is the P protein which is
responsible for the differential activity, then the important
amino acids are not in C, but in the N-terminus of the CM
P protein. VVT7-infected cells were transfected with the
DI-CAT, EdL, and EdN plasmids and the different P plas-
mids and assay of the CAT activity by the various pro-
teins showed as before that CMP1 stimulated activity
relative to EdP (Figs. 3A and 3B). P expression with EdPS
greatly enhanced CAT activity (approximately sixfold) rel-
ative to EdP, while P synthesis with CMP1S stimulated by
only about twofold. Thus elimination of C expression
gave P proteins of about equal activity, suggesting that it
I-CAT a
a. The
104 REUTTER ET AL.is the C proteins of the two strains which are unequally
inhibiting viral RNA synthesis.
C proteins from different measles strains differentially
inhibit viral RNA synthesis
To confirm that the activities of the C proteins of Ed
and CM are different, each was independently cloned as
described under Materials and Methods. Since no anti-
body to the measles C protein was available, expression
of C was monitored by coupled transcription and trans-
lation of the plasmids. As controls, both the EdP and the
CMP1 plasmid, designated P/C, gave the synthesis of
similar amounts of both the P and the C proteins (Fig. 4).
The plasmids that lacked the initiation codon for C, EdPS,
and CMP1S, abolished C but not P expression as ex-
pected. Both EdC and CMC expressed only C protein, at
levels similar to that from their parental P/C plasmid.
VVT7-infected cells were transfected with the DI-CAT,
EdN, and EdL plasmids and various combinations of the
P plasmids lacking C with the addition of the homolo-
gous and heterologous C plasmids and CAT activity was
measured. The activity with EdPS was reduced more
with the addition of EdC than with CMC (Fig. 5A), exactly
reflecting the increased stimulation seen by knocking out
C expression from EdP (Fig. 3). Similarly, EdC was also
more effective than CMC in the inhibition of CAT activity
with the heterologous CMP1S (Fig. 5B). Quantitation of
FIG. 2. Effect of chimeric P genes on CAT activity. (A and B, top) VVT
plasmids and the indicated parental or chimeric P plasmid. The cell ex
bars indicated. The values for Mock samples transfected with only D
Samples of each extract were analyzed by immunoblot with a-MV sermultiple experiments for EdPS and CMP1S showed that
the addition of the homologous C protein either from thesame plasmid (P/C) or from an independent plasmid (C)
inhibited RNA synthesis to the same extent (Fig. 5C).
Furthermore with the addition of the heterologous C, EdC
always inhibited better (6- to 10-fold) than CMC (2- to
3-fold), regardless of the strain of the P-expressing plas-
mid.
DISCUSSION
Two fundamental approaches can be used to under-
take structure/function analysis of the proteins involved
in viral RNA synthesis, either site-directed mutagenesis
of the wild-type gene or the use of different naturally
occurring strains or mutants of genes which might have
altered phenotypes. In the latter case the amino acid
changes could then be correlated with a potentially al-
tered function. In this study we have used primarily the
second approach because of the availability of measles
N and P clones of a variety of wild-type and SSPE
viruses, where the latter are known to have defects in
viral RNA synthesis during infection. The assay used to
screen for levels of overall RNA synthesis employed a
plasmid-based system using a measles minigenome en-
coding a CAT reporter gene and individual N-, P-, and
L-encoding plasmids, where a plasmid of interest could
be easily substituted for analysis. Since expression of
CAT activity is dependent upon both viral transcription
and replication, the assay should identify changes in
ted cells were transfected in triplicate with the DI-CAT, EdN, and EdL
were assayed for CAT activity and the counts averaged with the error
nd pBSSK (,500 cpm) were subtracted from each sample. (Bottom)
positions of the P and N proteins are indicated.7-infec
tractsboth processes.
In our screen of multiple measles genes most had the
nalyzed
T
T
105MEASLES C MUTATIONS AFFECT RNA SYNTHESISsame activity as their counterpart EdP or EdN genes in
the minigenome assay, thus amino acid changes in
these genes had no effect on overall RNA synthesis. Two
P genes, CMP1 and P4P1, however, did significantly
stimulate viral RNA synthesis (Fig. 1). While we did not
know what to expect for alterations in wild-type virus
genes, such as CM, we were surprised that the SSPE
P4P1 gene stimulated, rather than inhibited, RNA synthe-
sis, since many SSPE viruses down regulate transcrip-
tion. Sequence analysis of these P genes showed mul-
tiple amino acids changes in P (10–16) and C (3–4)
relative to EdP and EdC, respectively (Table 1). To iden-
FIG. 3. Effect of P genes lacking C expression on CAT activity. (A and
and EdL plasmids and the indicated parental P or EdPS or CMP1S plas
for CAT activity and the counts averaged with the error bars indicated.
subtracted from each sample. (Bottom) Samples of each extract were a
are indicated.
FIG. 4. Synthesis of the individual P and C proteins. The indicated
plasmids were transcribed and translated in the TNT system and
labeled with [3H]leucine as described under Materials and Methods.he samples were analyzed directly by SDS–PAGE and fluorography.
he positions of the P and C proteins are indicated.tify the changes responsible for the stimulation, we con-
structed chimeric genes between EdP and either CMP1
or P4P1. Analysis of the effect of the chimeras on RNA
synthesis in the CAT minigenome assay showed that
nucleotide changes in the 59-terminus of CMP1, some of
which are shared with P4P1, were responsible for most
of the stimulation of polymerase activity (Fig. 2). Nucle-
otide changes in the 39-region of CMP1 gave reduced
activity similar to EdP. In contrast, nucleotide changes
throughout the length of the P4P1 gene were necessary
for stimulation, since neither chimera stimulated RNA
synthesis. The P4P1 gene was, therefore, not investi-
gated further.
The P and C ORFs overlap in the 59-terminus of the
measles P gene, so the enhanced viral RNA synthesis of
CMP1 relative to EdP could be due to either or both
proteins. We took two approaches to address this ques-
tion. First the function of P (six changes, three of which
are shared with P4P1) in the absence of C could be
tested with genes where C expression was abolished.
The elimination of C expression for EdP gave sixfold
more activity, while for CMP1 in the absence of C the
stimulation was only twofold, yielding about the same
activity for the P protein alone of the two strains (Fig. 3).
These data suggest that the difference in activity of these
genes is actually due to a differential inhibition of the C
proteins of Ed and CM. To test this directly, the C ORF
VVT7-infected cells were transfected in triplicate with the DI-CAT, EdN,
ith a stop codon (S) in the C reading frame. Cell extracts were assayed
lues for Mock samples transfected with only DI-CAT and pBSSK were
by immunoblot with a-MV sera. The positions of the P and N proteinsB, top)
mids w
The vafrom each gene was expressed together with the various
P expressing plasmids. Indeed, EdC gave more inhibi-
(
p
a transfe
( ith the
106 REUTTER ET AL.tion than CMC with both the homologous and the heter-
ologous P proteins when expressed from a separate
plasmid or from an overlapping reading frame in the
same plasmid (Fig. 5). One (G44R) of the three amino
acid changes in CMC which alter inhibition is also found
in P4C, which has three additional changes. It is possible
that P4C would also be less effective in inhibition, al-
though this was not tested directly.
C protein function in negative-strand virus RNA syn-
thesis has previously only been investigated in Sendai
where the C proteins were shown to inhibit both viral
transcription and replication (Curran et al., 1992; Cadd et
al., 1996). These studies clearly show that the function of
the measles C protein is also to down regulate viral RNA
synthesis. The Sendai virus C proteins bind specifically
to the L polymerase protein (Horikami et al., 1997) and
we have shown that measles C does bind measles L
protein (unpublished data). We propose that the inhibi-
tory effect of measles C is due to the alteration of a
catalytic site through C–L interaction. Perhaps the amino
acid changes in CMC which make it less inhibitory
decrease the strength of the interaction of C with L or
alter the conformation of L at the C binding site, to make
the polymerase more active. It is also interesting to
FIG. 5. The effect of the C proteins on CAT activity. VVT7-infected ce
A) EdPS plasmid alone or with the addition of either EdC or CMC pla
lasmid. Cell extracts were assayed in triplicate for CAT activity as des
veraged with the error bars indicated. The values for Mock samples
C) The average values of three different experiments are compared wspeculate that the functional significance of these results
could relate to one of the differences in virulence be-tween a vaccine strain (Ed) and a wild-type virus in
human infections. Overall RNA synthesis appears to be
down regulated in the vaccine virus not by mutation of
one of the polymerase subunits, but instead by enhanc-
ing the effectiveness of the inhibitory regulatory C pro-
tein. In this regard it would be interesting to substitute
the CMP1 gene for EdP in the measles full-length cDNA
and rescue recombinant virus as described by Radecke
et al. (1995) to ascertain the effect of the mutations in the
context of a viral infection. We would predict that this
recombinant virus would show an increase in both viral
RNA synthesis and virus yield compared to Ed virus.
The analysis of other SSPE genes in several studies
have shown that mutations in the F and H genes found in
SSPE viruses yield proteins that are defective compared
to the wild-type measles proteins (Billeter and Cattaneo,
1991; Schmid et al., 1992). In addition, detailed analysis of
various SSPE M genes have identified mutations that
specifically inhibit nucleocapsid binding and/or tran-
scription inhibition (Hirano et al., 1993; Suryanarayana et
al., 1994). Clearly in SSPE viruses mutations affect mul-
tiple genes; however, which specific changes are impor-
tant for persistence and disease is unknown. With the
transfected in triplicate with the DI-CAT, EdN, and EdL plasmids and
r (B) CMPS plasmid alone or with the addition of either EdC or CMC
under Materials and Methods, counted in the scintillation counter, and
cted with only DI-CAT and pBSSK were subtracted from each sample.
value for EdPS or CMPS set as 100%.lls were
smid; o
cribedapplication of reverse genetics for the rescue of recom-
binant measles viruses, it should be possible to address
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107MEASLES C MUTATIONS AFFECT RNA SYNTHESISthe role of various genes in disease in the context of
infection of suitable animal models.
MATERIALS AND METHODS
Cells, viruses, and antibodies
BHK cells were used for all experiments. A vaccinia
virus recombinant which expresses the bacteriophage
T7 RNA polymerase (VVT7) (Fuerst et al., 1986) was
grown in CV-1 African green monkey kidney cells. The
antibody employed was rabbit polyclonal anti-measles
virus (a-MV; Horikami et al., 1994).
Plasmids and mutagenesis
The measles virus (Edmonston [Ed] strain) N and P
plasmids cloned in pBSKS (Bellini et al., 1985) and the
EdL plasmid (pAeL) were from Dr. W. Bellini and Dr. M.
Billeter, respectively. The P and N genes from wild-type
measles viruses of the CM, JM, and WTF strains and
from the SSPE cases P4, K, PP2, and EG2 in pBSSK
downstream of the T7 promoter were generously pro-
vided by Drs. K. Baczko and V. ter Meulen (University of
Wu¨rzburg, Germany). The numerical designation after the
name indicated the clone number, i.e., for CMP1 and
P4P1 it was clone 1 for both CMP and P4P. The Nagata
and Biken measles N genes were provided by Dr. T.
Wong (Wong and Hirano, 1987). The EdP gene in pBSKS
was subcloned into pBSSK so the construct was com-
parable to the CMP1 and P4P1 plasmids. The sequences
of each of the P genes were determined by the DNA
sequencing core at the University of Florida and showed
that CMP1 and P4P1 have 10 and 16 aa changes from
EdP, respectively (Table 1). Chimeric P genes were con-
structed by subcloning regions from the CMP1 and P4P1
genes into the EdP gene. To substitute the N-terminal
135 aa, CMP1 and P4P1 were digested with NsiI and StuI
and the fragments (designated A) were cloned into EdP
at those sites. The plasmids CMA and P4A thus encoded
aa 1–135 from CMP1 and P4P1, respectively, and the
C-terminal 136–507 aa from EdP. Conversely, for the
reciprocal chimeras the plasmids CMP1 and P4P1 were
digested with StuI and NotI, and the fragment, desig-
nated B, was cloned into EdP at those sites. The chime-
ras CMB and P4B thus contained aa 1–135 from EdP and
aa 136–507 from CMP1 and P4P1, respectively.
Site-directed PCR mutagenesis was performed by the
two step-method of Higuchi (1990) using the high-fidelity
Vent polymerase (New England Biolabs) to change the
ATG start codon of the C reading frame in the EdP and
CMP1 genes to ACG. This change was silent in the P
proteins, but eliminated expression of the C protein from
these plasmids. Mutagenesis utilized outside primers
SM437 (59 GCCCGATTTAGAGCTTGAC 39) and SM326 (59
GATTCTCGAGTCAGGAGCTCGTGG 39) and the comple- lmentary mutagenic primers SM436 (59 CCAGTCCGTTTT-
TGACATGGCGTGCCTGCTC 39) and SM438 (59 GAG-
CAGGCACGACACGTCAAAAACGGACTGG 39). The final
PCR products were digested with StuI and XhoI, sites
internal to the outside primers and cloned into the ap-
propriate EdP and CMP1 plasmids at those sites to yield
EdPS and CMP1S, respectively. For selection purposes,
each mutagenic primer also contained a silent new AflIII
restriction site. Potential mutant clones were identified
by PCR amplification of the region followed by digestion
with AflIII. The clones were confirmed by sequencing.
Plasmids encoding the C proteins were constructed
from the EdP and CMP1 genes by PCR with primers from
each end of the C gene containing added restriction
sites for cloning. The upstream primer SM327 (59
GCACGGATCCATGTCAAAAACGGACTGG 39) contained
a BamHI site and the downstream primer SM326 (59
GATTCTCGAGTCAGGAGCTCGTGG 39) contained an
XhoI site. The PCR products were digested with BamHI
and XhoI and cloned into pBSKS at those sites with the
genes under the control of the T7 promoter to generate
the EdC and CMC plasmids. Sequencing showed the
clones were correct.
CAT minigenome assay
BHK cells at 70–80% confluence in 60-mm dishes were
infected with VVT7 at a multiplicity of infection of 2.5
PFU/cell for 1 h at 37°C. The infected cells were trans-
fected in triplicate for mock with DI-CAT plasmid (5 mg)
nd pBSSK (5.75 mg) to maintain constant DNA or with
ild-type EdL (0.75 mg) and the indicated N (2.5 mg)
lasmids, DI-CAT plasmid (5 mg), and the wild-type or
utant P (2.5 mg) plasmids in lipofectin (Life Technolo-
ies) and incubated at 37°C. The amount of each plas-
id to be added was titrated separately to give maximum
AT activity. Increasing the amounts of any of the plas-
ids above this level actually resulted in a decrease in
ctivity. At 20 h posttransfection the cells were washed
ith PBS, scraped into PBS, and pelleted at 1600 rpm at
°C for 5 min. The supernatant was removed, and the
ell pellet suspended in 50 ml of 0.5% Triton X-100 in 0.25
Tris–HCl, pH 7.8 and incubated at 4°C for 10 min. The
amples were incubated at 65°C for 10 min to reduce
ackground activity and cell debris and nuclei pelleted at
3,000 rpm for 10 min at 4°C. For the CAT assay (Sleigh,
986) 40 ml of the supernatant was added to 60 ml of
eaction mix containing 20 ml 8 mM chloramphenicol, 20
ml [14C]acetyl coenzyme A (5 mCi/ml) in 0.25 mM Tris–
HCl, pH 7.8, and 20 ml 0.25 M Tris–HCl, pH 7.8 and the
samples were incubated at 37°C for 2.5 h. The radiola-
beled [14C]chloramphenicol product was extracted with
cold ethylacetate (100 ml) and quantitated in the scintil-
ation counter.
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To monitor measles N and P synthesis, samples (2 ml)
f the extracts used for the CAT assay were separated by
.5% SDS–PAGE and transferred to nitrocellulose. The
lots were incubated with rabbit a-MV antibody followed
y a horseradish peroxidase-conjugated goat anti-rabbit
econdary antibody and developed by chemilumines-
ence (ECL, Amersham Pharmacia Biotech) according to
he manufacturer’s protocol. To monitor C protein syn-
hesis the plasmids were incubated in the TNT (Pro-
ega) in vitro transcription and translation system, la-
eled with [3H]leucine and analyzed by 10% SDS–PAGE
and fluorography.
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